I. INTRODUCTION
Electrostatic atomization could efficiently improve the spray characteristics of nonconducting liquids by means of the electric force. 1 The method of electrostatic atomization has numerous advantages with respect to the quality of atomization such as relatively smaller droplets, narrow droplet-size distribution and self-sustained dispersion of the spray. [1] [2] [3] In addition to its applicability in gas turbines and internal combustion engines, electrostatic atomization can be applied in other systems, e.g., in ink-jet printing and agricultural spraying systems.
Electrostatic atomizers have evolved over the past three decades.
1, 4 Several atomizers were designed and tested extensively in the past to understand the effect of such parameters as the nozzle geometry, electrode location relative to the grounded surface, orifice diameter, and liquid viscosity on the specific charge of the resulting spray.
1, [3] [4] [5] However, the liquid viscosity was varied in a very narrow range of 0.0008 Pa s Յ Յ 0.030 Pa s in previous studies. In this paper, we extend the study of electrostatic atomizers to highviscosity liquids.
The mechanisms of the electrostatic spraying of diesel fuel were thoroughly studied in a number of works.
1,3-5 Such investigations of diesel fuel sprays were usually performed only for the highest possible level of spray specific charge. The present work aims at the investigation and explanation of the jet breakup mechanisms and various instability modes for corn oil in contrast with diesel fuel in a wide range of specific charges and jet velocities.
The paper is organized as follows: the experimental setup is presented in Sec. II. Section III describes the experimental observations for different stages and different modes of breakup for jets of corn oil and diesel fuel with varying levels of specific charge. The effect of the flow rate on spray characteristics for corn oil is studied in detail in Sec. IV. The data on spray breakup angles and lengths versus applied voltage and as a function of flow rate are presented in Sec. IV for corn oil jets. The results are summarized and conclusions are drawn in Sec. V.
II. EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig.  1 . A pressurized vessel with compressed air was used to drive the liquid fuel from the reservoir to the atomizer. All tubing of the hydraulic circuit was made from nylon to ensure electrical isolation of the nozzle.
The atomizer was used to electrically charge the fuel and inject it through the orifice thus creating an external spray. The atomizer design is shown in Fig. 2 radius was measured using the PS3 Clemex microscope with 200ϫ magnification within 0.1 m accuracy. The needle was mounted on a micrometer such that its tip distance could be adjusted from the grounded nozzle orifice inlet within 5% accuracy. A 254 m diameter orifice with diameter to length ratio of approximately 1.0 was employed.
The portion of the electric current that was carried away from the needle electrode tip by the sprayed liquid, is termed "spray current" and is denoted by I S . The spray specific charge, Q S , is defined as the ratio of I S to the volumetric flow rate of liquid, Q. The spray current was measured from the grounded sink, as shown in Fig. 1 , using a Simpson model M235-1-2-13-0 analog current meter within Ϯ2% accuracy. An Ultravolt model 25A24-N-C negative dc high-voltage power supply with a maximum output voltage of Ϫ24 kV within Ϯ1% accuracy, was used to apply the electric potential on the needle electrode.
The images of the jet were taken by focusing 1 s-duration strobe light on the opposite side of the camera. Photographs were taken using a Canon S3 IS camera system.
III. PROPERTIES OF THE TEST LIQUIDS
The test liquids used in the experiment were the regular Mobile U.S. diesel fuel No. 1 and the regular commercial raw ͑unused͒ corn oil. The physical properties of both liquids are summarized in Table I . Shear viscosities of the test liquids were measured in the previous work using Brookfield DV-II+ Pro viscometer where the rheological behavior of the corn oil and diesel fuel were found to be Newtonian. 6 The measurements of the electric conductivity, , of both liquids were done using a digital conductivity meter Model 1152 made by EMCEE ͑Ref. 7͒ that is commercially available and meets the ASTM D2624-06 standards. The conductivity of the corn oil is lower than that of diesel fuel, as seen in Table  I . The conductivity values for both liquids are very low and, therefore, both of these liquids are considered as leaky dielectrics. The relative permittivity, r , of diesel fuel was assumed to be similar to that of the regular diesel fuel used in previous works, 4, 5 i.e., in the range of 2.0Յ r Յ 2.2. The values of the relative permittivity for organic oils are in the range 3.0Յ r Յ 3.1 according to Ref. 8 . The charge relaxation time 9 is C = r 0 / ͑SI units, with 0 being the permittivity of vacuum which is equal to 8.854ϫ 10 −12 F / m͒. The surface tension, T , ͑according to the published data, 10 listed in Table I͒ is about 25% higher for the corn oil as compared to the diesel fuel.
IV. RESULTS AND DISCUSSION
A. Effect of specific charge variation
Diesel fuel
Figures 3͑a͒ and 3͑b͒ show the jet breakup for the diesel fuel with the applied voltages of Ϫ3.5 kV and Ϫ5.0 kV, respectively, under the following conditions: a fixed flow rate of 30 ml/min ͑the orifice jet velocity u = 10 m / s͒, the orifice diameter d = 254 m and the ratio of the electrode distance from the orifice inlet ͑L͒ to the orifice diameter ͑d͒ of approximately L / d = 1.0. As seen in Fig. 3͑a͒ , the jet instability starts by pinching the liquid into small, almost uniform, segments ͑the varicose instability͒. This instability is primarily driven by surface tension, although it could be affected by the electric forces in the present case. This instability mode persists along a certain section of the jet until the bending instability takes over and causes the jet to oscillate at a low frequency ͓Fig. 3͑a͔͒. While increasing the applied voltage, and thus the jet electric charge, jet oscillation frequency increases. The bending instability is driven by the electric force and is caused by mutual repulsion of the electric charges in response to small bending perturbations inevitably present in any experiment. 11 It is kindred to the dominant bending instability characteristic of electrospinning of viscoelastic polymer solutions [11] [12] [13] and can also be observed with the electrified jets of sufficiently viscous Newtonian liquids where it is typically accompanied by the varicose instability. 14 In the present case, after the jet bending sets in due to the dominant electric force, the varicose, capillarity-driven, instability proceeds to develop on the background of bending, and ultimately causes the jet to breakup into droplets, as seen in Fig. 3͑a͒ . Additionally, the lateral inertial force introduced by the jet oscillations further assists the varicose jet breakup. As can be seen from Fig. 3͑a͒ , the resulting droplets have an almost spherical shape and their sizes are within the order of the jet diameter.
When a higher level of specific charge is reached by increasing the applied voltage to Ϫ5 kV, lateral electrical forces stretch the liquid jet into a ribbonlike structure and break it into ligaments in the lateral direction, as shown in Fig. 3͑b͒ , similarly to the previous works. [3] [4] [5] This type of breakup most probably corresponds to the electrically-driven growth of the higher perturbation modes 15 with the azimuthal wavenumber n Ն 2. These modes are not axisymmetric anymore, in distinction from the lowest varicose mode ͑n=0͒, and they make the jet cross-section noncircular ͑elliptical, or multilobe, flowerlike͒ in distinction from the bending mode ͑n=1͒. Each of the lobes in the jet cross-section becomes an origin of a tiny capillary jet which breaks up into tiny highly charged droplets. It was shown in Refs. 4 and 5 that the resulting spray consists of two major zones with the tiniest, highly charged droplets surrounding a dense core of the larger, less charged ones. The outer tiniest droplets carry only a small percentage of the spray electric charge. Since these droplets possess the highest charge-to-mass ratios, they are deflected the most by the electric repulsion from the spray core.
Corn oil
Figures 4͑a͒ and 4͑b͒ illustrate the characteristic breakup modes of corn oil jets with applied voltages of Ϫ8 kV and Ϫ10 kV, respectively, for u = 10 m / s and L / d = 1.0. The bending instability, visible in Fig. 4͑a͒ , closely resembles the one known in electrospinning of viscoelastic polymer jets or highly viscous Newtonian jets. [11] [12] [13] [14] The physical reasons of the bending instability have already been mentioned in Sec. IV A 1 devoted to diesel fuel. Comparison of Figs. 3͑a͒ and 4͑a͒ shows that in the case of the corn oil jet, bending instability is much more pronounced than in the corresponding diesel jet. This can be interpreted in the framework of the theory of bending instability of electrified liquid jets developed in Ref. 11 and, in particular, in Ref. 12 ͑see also the comprehensive review 13 ͒. It was shown that bending pertur- 
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bations of electrified jets begin to grow when the Coulombic repulsion force overcomes the resistance to bending due to surface tension. This happens when the following inequality holds:
where e 0 is the electric charge per unit jet length, d j is the initial unperturbed cross-sectional diameter of the jet equal to the nozzle diameter, L C is the cutoff length, which is of the order of the perturbation wavelength. Here and hereinafter CGS Gaussian units are used. When the electrically-driven bending instability sets in, the wavenumber of the fastest growing bending perturbation = d j / ͑with being the wavelength of the fastest growing perturbation͒ is given by . ͑2͒
For the corn oil jet in Fig. 4͑a͒ , the jet diameter, d j , is assumed to be equal to that of the orifice, d j = 0.025 cm. At the applied voltage of Ϫ8 kV, the specific charge in the jet is Q s = 0.30 C / m 3 . Then, the electric charge per unit jet length is e 0 = ͑d j 2 / 4͒Q s = 0.44 ͑g cm͒ 1/2 / s in CGS Gaussian units. The surface tension, density, and viscosity of the corn oil are, respectively, T =31 g/ s 2 , = 0.870 g / cm 3 , and = 0.54 g / ͑cm s͒. Using Eq. ͑2͒, we find = 0.12 cm. Following Ref. 12 , we take L C = = 0.12 cm. Then, the lefthand side of Eq. ͑1͒, e 0 2 ln͑2L C / d j ͒ = 0.44 g cm/ s 2 , whereas the right-hand side d j T / 2 = 1.22 g cm/ s 2 . The inequality ͑1͒ does not exactly hold; however, the two terms are close to each other and within the same order of magnitude.
By comparison, for the diesel fuel jet shown in Fig. 3͑a͒ , d j = 0.025 cm and Q s = 0.30 C / m 3 , which yields e 0 = 0.44 ͑g cm͒ 1/2 / s, as in the case of the corn oil jet. For the diesel fuel, according to Table I, T =25 g/ s 2 , = 0.840 g / cm 3 , and = 0.024 g / ͑cm s͒, leading to L C = = 0.08 cm from Eq. ͑2͒. Then, on the left-hand side of Eq. ͑1͒, e 0 2 ln͑2L C / d j ͒ = 0.36 g cm/ s 2 , whereas on the right-hand side d j T / 2 = 0.98 g cm/ s 2 . Again, the two terms are close to each other indicating the bending instability could in fact occur in the diesel fuel jet as in the corn oil jet. This conclusion is corroborated by the corresponding jet images in Figs. 3͑a͒ and 4͑a͒.
The electrically-driven bending perturbations grow much faster than varicose undulations on jets of viscous Newtonian liquids if the following inequality holds:
For the above-mentioned parameter, the left-hand side in Eq. ͑3͒ equals to 2.4 for the corn oil and 0.006 for the diesel fuel. Here the inequality does not hold by more than two orders of magnitude for the diesel fuel. These values show that in the case of the diesel fuel jet, even if bending instability develops, the jet should be rapidly broken up by capillary undulations before significant bending becomes visible ͓cf. Fig. 3͑a͔͒ . On the other hand, according to this estimate, bending perturbations of the corn oil jet should have enough time to develop before the jet is broken up by capillary undulations and droplets emerge. This is indeed corroborated by the image in Fig. 4͑a͒ .
As seen from in Figs. 3͑a͒ and 4͑a͒, droplet sizes are smaller for the corn oil jet, which undergoes significant stretching and thinning due to the bending instability before capillary undulations overtake and finally break it up ͓note that the magnification is larger in Fig. 4͑a͒ compared to Fig.  3͑a͔͒ . Also, capillary breakup of the higher viscosity corn oil jet leads to formation of spindlelike droplets ͓cf. Fig. 4͑a͔͒ , as was predicted in Ref. 16 .
An additional breakup mode observed with highly charged corn oil jet is the multijet splitting mode seen in Fig.  4͑b͒ . This mode is kindred to the one observed for the diesel fuel jet in Fig. 3͑b͒ , and in both cases it is driven by higher order electrical instabilities resulting in multilobe crosssection shapes as discussed above and described in full detail in Ref. 15 .
When further increasing the applied voltage, ligaments and droplets become so highly electrically charged that they start to curve up toward the atomizer body ͑which acts almost as a local ground͒. This was observed for both the diesel fuel and the corn oil. When continuing to increase the applied voltage, spray ligaments, and droplets terminated on the atomizer body, transferring their electric charge to it up to the point where a catastrophic collapse of the spray occurred. Spray collapse may also be related to a corona discharge to the surrounding air at the highest electric field strengths.
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B. Effect of flow rate
Corn oil spray images at a higher flow rate of 45 ml/min ͑corresponding to u = 15 m / s͒ than those discussed in Sec. IV A ͑for flow rate of 30 ml/min corresponding to u =10 m/ s͒ are shown in Figs. 5͑a͒ and 5͑b͒ for the applied voltages of Ϫ9 kV and Ϫ12 kV, respectively. These images are
The overall breakup modes seen in Figs. 5͑a͒ and 5͑b͒ are qualitatively similar to those in Figs. 4͑a͒ and 4͑b͒ . Namely, at the lower voltage bending instability sets in, whereas at the highest level of jet electrification, the higher instability modes dominate and the jet splits into multiple jets. The increase in the frequency of the bending waves in Fig. 5͑a͒ compared to that in Fig. 4͑a͒ , most probably results from an increase in the applied voltage ͓Ϫ9 kV for Fig. 5͑a͒ compared to Ϫ8 kV for Fig. 4͑a͔͒ . The bending envelope has become narrower in Fig. 5͑a͒ compared to the one in Fig.  4͑a͒ , while the visible bending instability ͑the envelop apex͒ is shifted downstream of the flow, as can be expected for a higher value of u.
The transition to the higher electrically-driven perturbation modes when jets begin to split in multiple ligaments always happened approximately at a specific charge of up to 75% of the maximum specific charge ͑corresponding to the spray collapse described above͒ for each flow rate. Figures 4͑b͒ and 5͑b͒ show that at a lower value of u =10 m/ s the lateral repulsion in the splitting jet is dominant over the axial transport and the dispersed zone occupied by droplets is very wide. On the other hand, at a higher velocity of u=15 m/ s, the axial transport becomes comparable to the electrically-driven lateral one, and the dispersed zone becomes conical.
The ligaments emerging in the splitting mode of the corn oil jet are longer than those of the diesel jet ͓cf. Fig. 4͑b͒ or Fig. 5͑b͒ compared with Fig. 3͑b͒ , respectively͔, which corresponds to the fact that capillary breakup of the ligaments is slower in the case of the highly viscous corn oil.
C. Spray angle and breakup length of corn oil jets
In Fig. 5͑a͒ , the length of the continuous liquid column ͑not visible in the image͒ from the nozzle to the visible bending perturbations is denoted by l, and the envelop angle about the bending perturbations is denoted by ␣. The results presented here for ␣ are average values based on ten or more images for each case. Figure 6 shows the length, l, and angle, ␣, versus the magnitude of the applied voltage, V, for corn oil jets with three issue velocities: u = 6, 10, and 15 m/s. As seen in Fig. 6 , the length, l, decreases almost linearly as the voltage magnitude increases. Figure 6 shows that ␣ increases linearly with V, and the increase rate is higher at lower flow rates. This is related to the above-mentioned fact that the lateral electrically-driven spreading is higher at lower flow rates when the lateral electrical force dominates the axial transport in the jet. Wider envelop angles are desirable for spray combustion. With the multiorifice atomizer design, which will be discussed in a future work, a wider spray spreading could be maintained by a lower issue velocity, while increasing the number of orifices to have an overall high flow rate.
V. CONCLUSIONS
Breakup mechanisms for high-viscosity corn oil is studied and compared to those for diesel fuel in conjunction with electrostatic atomization. The bending instability is observed for corn oil jets, where bending perturbations grow to high amplitudes, resulting in considerable jet thinning. The growth rate of the axisymmetric capillary undulations on the corn oil jet is significantly lower than that of the bending perturbations. However, ultimately the jets are broken into droplets by such capillary perturbations. The resulting droplets are smaller than the orifice size because of the thinning of the jet. The observed phenomena closely resemble the bending instability observed in electrospinning of polymer solution jets, and the results are described by the corresponding theory.
The electrified jets of much lower viscosity diesel fuel show much less propensity to bending. Moreover, these jets cannot sustain large-amplitude bending perturbations since the capillary perturbations rapidly break them up into droplets ͑bigger than those produced by the bending corn oil jets͒. The interpretation of the observed differences in the breakup modes of the corn oil and the diesel fuel jets in the framework of the previously developed electrospinning theory revealed that the differences stem from the fact that the former are much more viscous than the latter, while all the other parameters are essentially the same.
Jet breakup length, l, and spray cone angle, ␣, were measured for various applied voltages, V. It was found that l decreases almost linearly, while ␣ increases almost linearly as V increases at a fixed flow rate. As the jet flow rate increases, ␣ decreases, while l increases at a fixed V.
At higher voltage values, as the specific charge reaches about 75% of its maximum value ͑at which point the spray collapses͒, the jet breakup mode changes. Namely, higherorder, electrically-driven instability modes are excited, with jet cross-section becoming noncircular ͑multilobe, flowerlike͒. This leads to the splitting-jet mode with multiple ligaments outflowing from the cross-section lobes. The ligaments eventually break up due to capillary instability. 
